patterns of total cover as well as the abundance of individual species. 23
Based on a multi-scale approach, the relationships between the amount and pattern of relative 24 diffuse light and forest understory were studied in an old-growth, temperate mixed forest 25 (Hungary). The recorded vegetation variables were the cover of the vascular understory 26 (herbs, woody seedlings), the bryophyte layer, and some selected vascular understory species. 27
Introduction 53
54
The heterogeneous spatial distribution of limiting environmental factors often creates peculiar 55 patterns of vegetation (Fortin et al. 2002) . Light is one of the most important explanatory 56 variables in forests (Whigham 2004, Neufeld and Young 2014) . Besides its amount and 57 quality, its heterogeneous pattern is also a determining factor for the cover and diversity of 58 understory vegetation (Canham et al. 1994 ). Understory light is largely determined by stand 59 structure, tree species composition and the pattern of the overstory layer (i. and well demonstrated differences between the light regimes of various forest types, due to 64 different stand structure and management (Bartemucci et al. 2006 ). Also within a single stand, 65 light conditions may be remarkably heterogeneous due to gaps, especially in forests 66 dominated by deciduous, shade-tolerant species (Muscolo et al. 2014 ). Finally, light 67 availability also has a fine-scale spatial pattern within mature, heterogeneous, albeit closed 68 stands, which originates in the structural and compositional heterogeneity of the overstory 69 layer. Tree pattern, age distribution, physical damage of leaves and branches, herbivory, 70 disease, crown geometry and the species-specific features of trees all add to the variability of 71 canopy and light conditions (Canham et al. 1994) . 72
The light requirements of the understory species is variant, which results their different 73 responses to contrasting situations, such as various stand types (Verstraeten et More studies concentrate on the drivers of the survival, growth, and spatial pattern of woody 97 seedlings than those of herbs, as seedlings directly determine the structure of the next 98 generation of trees. The amount and pattern of light is also crucial for the seedlings, but the 99 strength of this effect depends on the shade-tolerance of the species, and is also influenced by 100 environmental heterogeneity (Getzin et al. 2008) . Besides the effect of light and other abiotic 101 subordinate tree species (Populus tremula, Prunus avium, Pyrus pyraster, etc.) is also high 152 (Király 2014) . The canopy contains fine-scale gaps, but they are less clearly defined than gaps 153 in closed, monodominant stands of shade-tolerant tree species (e.g. beech), because of the 154 high tree species diversity, and the considerable light transmission of the canopy of oak and 155 pine. The relatively high species richness of the canopy has its explanation in land use history, 156 besides phytogeographic and climatic reasons. In the 18 th century, for a short period of time 157 the area was used for extensive farming . After this was abandoned, it was 158 gained back by forest, and in the 1950s it became a forest reserve, and the processes of natural 159 forest dynamics could prevail. Succession, along with the cessation of traditional forest 160 utilization, lead to changes in tree species composition. Acidophilous pioneer species (pine, 161 birch, etc.) began to vanish, and deciduous species (hornbeam, beech) are taking their place 162 (Horváth and Sivák 2014) . The regeneration layer is dense and patchy, at present consisting 163 mainly of beech, hornbeam, and the saplings of the subordinate tree species. Light conditions 164 and understory vegetation seem to be also heterogeneous; the understory contains both 165 mesophilous and acidophilous species (Mázsa et al. 2014) . 166
167

Data collection 168
A 55×55 m macroplot was set in the core of the stand. This area was dominated by oak, and 169 included birch in a high proportion, along with some other species (e.g. beech and pine, Table  170 1). The macroplot was divided into 11×11 (121) 5×5 m plots. Light measurements and 171 samplings of the understory were carried out on plot level. 172
Relative diffuse light conditions were measured with LAI-2000 Plant Canopy Analyzer (LI-173 COR Inc. 1992). According to our previous study, this technique proved to be the best method 174 for the estimation of relative light in these forests (Tinya et al. 2009b ). The measurements 175
were carried out at dusk, in order to avoid direct light getting into the sensor. A 270º view 176 restrictor masked the portion of the sky containing the sun and the operator (LI-COR Inc. 177 1992). Three instantaneous measurements were taken in the centre of each plot, at 1.3 m 178 height, immediately after each other (within some seconds). Reference above-canopy 179 measurements were taken on a nearby open field, with an identical instrument, every 15 180 seconds during the whole length of the below-canopy measurements. 181
Total absolute cover (in dm 2 ) of the vascular understory (woody seedlings under 0.5 m height 182 and all herbaceous species) and forest-floor bryophytes (occurring on soil or lying dead 183 wood), was estimated, visually in each of the 121 plots. In the case of herbs and woody 184 seedlings, the absolute cover of some selected species was also recorded. According to our 185 previous study, carried out in a 900 m 2 subarea within our current macroplot (Tinya et al. 186 2009a), we a priori chose the 11 herbaceous species with the highest cover. We recorded all 187 the tree and shrub seedlings, and on the basis of their cover and frequency values, 11 species 188 were selected for the pattern analysis ( The nomenclature of vascular plants follows Tutin et al. (1964 Tutin et al. ( -1993 (Holm 1979 72.56 %. The cover of bryophytes was 6.42 ± 6.6 %. Its minimum was 0.12 %, but in one of 262 the plots it exceeded 35.90 %. Herbaceous and seedling species with the largest cover were 263
Rubus fruticosus agg. and Carpinus betulus, respectively (Table A.1). 264 265
Correlations between light and understory variables 266
The cover of the vascular understory and the bryophyte layer showed significant positive 267 correlations with light (R=0.459, p<0.01; R=0.521, p<0.01, respectively, Table 2 ). 268
Herbaceous species showed stronger correlations with irradiance than seedling species. At the 269 5×5 m scale, five herbaceous species (Carex pallescens, Brachypodium sylvaticum, Poa 270 nemoralis, Fragaria vesca and Festuca heterophylla) and one seedling species (Betula 271 pendula) correlated significantly with light (Table 2) . 272
273
Pattern analysis 274
When investigating the spatial pattern of light, 4TLQV showed two significant peaks, at 275 10×10 m and 25×25 m ( Fig. 1.a) . Total cover 4TLQV analysis of both plant groups displayed 276 a high, significant peak at 10×10 m, indicating that the cover of both the vascular understory 277 layer and the bryophytes shows an aggregated pattern at that scale ( Fig. 1 .b and c, Table 2 Carex pallescens proved random distribution at every scale (Table 2) . 289
According to the 4TLQC analyses, the spatial arrangement of Festuca heterophylla, Fragaria 290 vesca and Poa nemoralis was positively related to light pattern at 10×10 m, and Rubus 291 fruticosus agg. was negatively related at 25×25 m ( Fig. 2 . a, Table 2 ). The patterns of other 292 herbs did not show significant covariances with light; however, some of them did display a 293 spatial pattern, but this was independent from light (Ajuga reptans, Dryopteris carthusiana, 294
Mycelis muralis and Viola reichenbachiana, Fig. 2 .b, Table 2 ). Based on the correlation and 295 the pattern analysis, Festuca heterophylla, Fragaria vesca, and Poa nemoralis were evaluated 296 as light-demanding species, Brachypodium sylvaticum and Carex pallescens as transitional, 297 while all the other species proved to be shade-tolerant (Table 2) . 298
As regards seedlings, the pattern of Betula pendula, Carpinus betulus, Daphne mezereum, 299
Pinus sylvestris and Quercus petraea had peaks at the coarsest scale (25×25 m, Fig. 2.c, Fig.  300 A.1.f, Table 2 of overstory trees (Ádám et al. 2013) , and dispersion by animals must also be considered. 398 Dow and Ashley (1996) found that only half of the Quercus seeds were dispersed under the 399 crown of their maternal parent, so they concluded that long-distance seed dispersal may be 400 more common than has been previously reported. Sunyer et al. (2015) stated that rodents 401 carry most of the seeds to more open areas, but the spatial patterns of acorn 402 dispersal/predation had no direct effect on recruitment. So we think that within a forest with 403 such a fine-scale heterogeneity, acorns are not really dispersal-limited. 404
The examined shrub species were not positively related to the pattern of light in our study. 405
Some of them had a patchy distribution, but it was independent from the light pattern. 
